Plague is a reemerging, rodent-associated zoonosis caused by the flea-borne bacterium Yersinia pestis. As a vectorborne disease, rates of plague transmission may increase when fleas are abundant. Fleas are highly susceptible to desiccation under hot-dry conditions; we posited that their densities decline during droughts. We evaluated this hypothesis with black-tailed prairie dogs (Cynomys ludovicianus) in New Mexico, June-August 2010-2012. Precipitation was relatively plentiful during 2010 and 2012 but scarce during 2011, the driest spring-summer on record for the northeastern grasslands of New Mexico. Unexpectedly, fleas were 200% more abundant in 2011 than in 2010 and 2012. Prairie dogs were in 27% better condition during 2010 and 2012, and they devoted 287% more time to grooming in 2012 than in 2011. During 2012, prairie dogs provided with supplemental food and water were in 23% better condition and carried 40% fewer fleas. Collectively, these results suggest that during dry years, prairie dogs are limited by food and water, and they exhibit weakened defenses against fleas. Long-term data are needed to evaluate the generality of whether droughts increase flea densities and how changes in flea abundance during sequences of dry and wet years might affect plague cycles in mammalian hosts.
Rates of reproduction and survival of pathogens and arthropod vectors are often affected by local precipitation and temperature, and outbreaks of some vector-borne diseases are most commonly observed under particular weather scenarios (Gage et al. 2008; Jones et al. 2008) . As a result, we increasingly use meteorological variables to forecast disease outbreaks and to implement protective measures in a proactive manner (Rodó et al. 2013; Parham et al. 2015) . Prediction is difficult, but we are gaining efficiency (Altizer et al. 2013) , as exemplified by studies of plague.
Plague is a rodent-associated zoonosis caused by the fleaborne bacterium Yersinia pestis. The disease is best known for causing pandemics in humans (Rasmussen et al. 2015) , including the Black Death during the 14th century in Europe, but more recently has gained the public's attention as a potential agent of warfare and bioterrorism (Orent 2004 ; (Gage and Kosoy 2005) .
Plague also is gaining attention from the conservation community because it impacts populations of an array of rodents and other susceptible mammals, thereby altering trophic and competitive relationships among wildlife (Biggins and Kosoy 2001; .
Numerous factors affect the spread of plague, but weather variables have been discussed for > 100 years and appear especially important (Eisen and Gage 2012) . For instance, the Black Death erupted in Asia during the first half of the 14th century and spread westward to Europe and Africa as temperatures warmed and precipitation became more abundant (Stenseth et al. 2006) . Likewise, warmer, wetter climatic conditions in Central Asia during the late-1800s may have triggered the Modern Pandemic, providing context for Y. pestis to spread to additional continents and islands (Stenseth et al. 2006; Schmid et al. 2015) .
In the western United States, where Y. pestis was introduced in approximately 1900, plague epizootics (i.e., rapid, widespread outbreaks) tend to erupt during years with wetter springs and cooler summers but become less prevalent during droughts (Eisen and Gage 2012) . The scarcity of epizootics during droughts has been explained by lab studies in which fleas desiccated and died if temperatures were too hot and humidity too low (Krasnov 2008) . Essentially, authors postulated that flea densities decline during droughts (Parmenter et al. 1999; Enscore et al. 2002) , thereby reducing rates of plague transmission and spread (Lorange et al. 2005) .
Researchers have considered the above hypothesis at sites where plague is endemic (Stenseth et al. 2006; Reijniers et al. 2014; Xu et al. 2015) . One could argue that evaluations of the hypothesis are best accomplished in areas where plague is absent because Y. pestis sometimes kill fleas by inhibiting blood feeding and can alter flea-host ratios by killing mammalian hosts (Eisen et al. 2009; Tripp et al. 2009; Brinkerhoff et al. 2010) . In doing so, plague potentially confounds interpretation of relationships between precipitation and flea densities.
Here, we evaluate the above hypothesis with black-tailed prairie dogs (Cynomys ludovicianus) in Colfax County, New Mexico. Plague epizootics in prairie dogs tend to occur every 3-15 years (Barnes 1982) . Since the 1990s, we have not observed rapid die-offs of prairie dogs (indicative of plague epizootics) in our study areas. In addition, intermittent serological testing of coyotes (Canis latrans), commonly regarded as a good sentinel species for plague monitoring (Brown et al. 2011) , has not detected serum antibodies for plague (n = 20 coyotes in 2000, 17 in 2003, and 20 in 2004) . Therefore, we suggest plague was likely absent from the sampling areas. Our investigation developed during June-August 2010-2012. Precipitation was relatively plentiful before and during 2010 when we collected small numbers of fleas from prairie dogs. The first 7 months of 2011 were the driest start to any year on record (113 years) for the eastern plains of New Mexico (42% of normal precipitation-NOAA 2011). Under consideration of historical literature and our own discussions in May 2011, we posited that flea densities would be extremely low during 2011. Unexpectedly, flea densities increased by 200%. During June 2011, as we collected larger numbers of fleas from prairie dogs, we recognized an alternative hypothesis (Krasnov 2008) that fleas might increase in abundance during droughts when the health of hosts could be limited by food or water, consequently weakening their defenses against fleas. We evaluated this hypothesis by comparing flea loads on prairie dogs during all 3 years of study (2010) (2011) (2012) and quantifying grooming behavior of prairie dogs during 2011 and 2012. Because of the surprising results in 2011, we also implemented a supplementation experiment in 2012 that allowed us to further evaluate effects of food and water availability on the condition of prairie dogs and the flea loads they carry.
General Materials and Methods
During June-August 2010-2012, we studied prairie dogs and their fleas in the short-grass prairie of Vermejo Park Ranch (36°32′N, 104°45′W). Research was completed under the American Society of Mammalogists guidelines for the use of wild mammals in research (Sikes et al. 2011) . Dominant vegetation in Vermejo included blue grama (Bouteloua gracilis) and dispersed patches of tree cholla (Cylindropuntia imbricata). We established 17 sampling plots in 13 prairie dog colonies (Fig. 1) . Local terrain and habitat features determined plot size (1.54 or 2.25 ha). Each plot contained 25 or 37 traps (Tomahawk singledoor live traps, Hazelhurst, Wisconsin, 15.2 × 15.2 × 48.3 cm; 2.5 cm mesh) distributed at a standardized density of 16 traps/ ha among burrows with fresh prairie dog scat. We categorized plots into groups of 2-3 plots (clustered geographically for ease of sampling) and sequentially sampled the groups. During a field day, we set all traps in a group of plots (using sweet grains laced with peanut butter) and returned to check traps immediately after the early-morning period of peak activity by prairie dogs. In total, we compiled 173 days of trapping (57-58 days/ year), with sampling efforts distributed as equally as possible among plots each year.
We indexed flea abundance (counts of fleas, including zeroes- Bush et al. 1997 ) by combing adult fleas from livetrapped prairie dogs (Eads et al. 2013 Eads 2014) . We aged, sexed, and weighed a prairie dog; anesthetized it and fleas on its body with isoflurane; combed it as thoroughly as possible for 45 s to collect fleas; measured the length of its right hind foot; marked each of its ears with tags (Monel size 1; National Band and Tag Co., Newport, Kentucky) for permanent identification; and marked it with roman numbers using black fur-dye for long-distance identification (Nyanzol-D; J. Belmar Incorporated, North Andover, Massachusetts). We released each prairie dog at its trapping location and used hand-held global positioning units (Garmin eTrex Legend H; Garmin International Inc., Olathe, Kansas) to record Universal Transverse Mercator coordinates as spatial reference points for all capture events. Two flea species, each identified using methods from Tripp et al. (2009) , were most prevalent, and their abundances are analyzed herein: Oropsylla hirsuta (a prairie dog specialist -Barnes 1993) and Pulex simulans (a generalist commonly found on prairie dogs and other mammals -Hopla 1980) . We collected weather data near sampling plots ( Fig. 1 ) using a Davis Vantage Pro2 weather station and tipping bucket (Davis Instruments Corporation, Hayward, California) . The heated tipping bucket measured precipitation in 0.25 mm increments.
Below, we describe our objectives, hypotheses, data analyses, and results for each study topic in separate sections.
Flea loads relative to Year oF saMplinG and BodY Condition oF prairie doGs
Objectives.-We aimed to determine if flea loads on prairie dogs differ between relatively dry and wet years and to determine if condition of individual prairie dogs is related to the number of fleas they carry.
Hypotheses.-Vegetative production is positively correlated with precipitation in the short-grass prairie of western North America (Knapp et al. 2008; Lauenroth 2008) . During our study, precipitation immediately before each field season (FebruaryJune) was relatively plentiful during 2010 (111.25 mm), scarce during 2011 (17.75 mm), and plentiful in 2012 (110.75 mm). Using mass:foot ratios as an index of body condition for adult prairie dogs (Martin et al. 2013) , prairie dogs were in 27% better condition during 2010 and 2012, relative to the dry 2011 field season (Eads 2014) . Predictions based on historical literature (e.g., Parmenter et al. 1999; Enscore et al. 2002) suggested that flea densities would be extremely low during 2011 due to detrimental effects of dry conditions on flea reproduction and survival.
Data analyses.-We compiled data from the 17 sampling plots and applied generalized linear mixed effects models (GLMMs) to flea abundance data. We used the negative binomial distribution for overdispersed count data (Wilson et al. 2002) because the negative binomial parameter k for flea abundance was always < 1.00 (theta.ml package, Program R version 2.13.2-R Development Core Team 2011). Results remained the same if flea loads were expressed as number of fleas per unit of surface area of a host to control for host size (mass −0.67 Heusner 1985) .
-
We fit GLMMs using PROC GLIMMIX in SAS version 9.3 (SAS Institute Inc., Cary, North Carolina). A random effect for Prairie Dog ID did not affect the model likelihood (Eads 2014) ; put differently, the random effect was not influential (Burnham and Anderson 2002) , suggesting little repeatability of flea abundance for individual prairie dogs (see also Krasnov et al. 2006) . Therefore, we did not include Prairie Dog ID as a random effect. We included Plot ID as a random effect, however, to account for repeated samples from the same plots.
We included control variables that, in other analyses (Eads et al. 2013; Eads 2014) , accounted for significant variation in flea parasitism, including month of sampling (June-August), age of prairie dog (juvenile or adult), sex of prairie dog, texture of surface soils (5 categories from SSURGO- Anderson et al. 1982) , and densities of prairie dogs in sampling plots (minimum number alive divided by plot area- Eads et al. 2013) . We also included a control variable for ages and forms of colony establishment (see Eads et al. 2013 Eads 2014:73-74) .
We evaluated main effects for year of sampling (YEAR) and host body condition (CONDITION). We also evaluated a CONDITION × YEAR interaction to determine if the magnitude or direction of the CONDITION effect differed among years. We fit a model with the control variables and YEAR, CONDITION, and CONDITION × YEAR effects and selected a parsimonious model using likelihood ratio tests (α = 0.100-McCullagh and Nelder 1989). For between-year comparisons, we scaled relative effect sizes using the highest mean flea load value A and the lowest value B as ((A − B)/B). Because flea abundance modeled by the negative binomial distribution is the product of prevalence class (0, 1; defined as whether or not a host has fleas) and intensity (defined as the number of fleas detected on a host that has fleas), we compiled figures for flea prevalence and intensity. The figures visually present the dispersion of fleas among hosts (prevalence) and counts of fleas from hosts carrying at least 1 flea (intensity), thereby providing a composite image of our analysis with negative binomial regression (see also Poulin 2007:134-141 ).
Moran's I analyses (Moran 1950 ) with spatial reference points for capture locations (UTM coordinates) and residuals of any interpreted GLMM (Cliff and Ord 1981) were used to determine if spatial autocorrelation was of concern. Values for Moran's I suggested spatial autocorrelation was insignificant when the Plot ID random effect was included, implying little concern with spatial autocorrelation (Eads 2014) . Goodness of fit statistics (χ 2 distribution) for the most general GLMMs were ~1.00, suggesting good correspondence between observed and predicted values (Burnham and Anderson 2002) .
Results.-We collected 8,132 fleas from 687 unique prairie dogs (n = 1,665 combings, k = 0.56). Fleas were 283% more abundant in 2011 than 2010 and 64% more abundant in 2011 than 2012 (Fig. 2) . The CONDITION × YEAR interaction was supported (χ With the data restricted to P. simulans (k = 0.22), the species was 354% more abundant in 2011 than 2010 and 352% more abundant in 2011 than 2012 (Fig. 2) . We separated the analysis by YEAR to investigate the CONDITION × YEAR interaction (χ 
selF-GrooMinG Behaviors oF prairie doGs
Objective.-We aimed to determine if prairie dogs spend different amounts of time grooming during years in which precipitation is relatively scarce or plentiful.
Hypotheses.-Vertebrate hosts use grooming as an important defense against fleas (Krasnov 2008) . In house cats (Felis catus), for instance, host grooming accounted for 50% or more of flea mortality during weekly intervals (Rust and Dryden 1997) . We collected data on prairie dog grooming during the dry 2011 field season and the wetter 2012 season. Although there are exceptions in the literature, mammals tend to spend more time grooming as number of ectoparasites increases (Mooring et al. 2004 ). We predicted that prairie dogs would spend more time grooming in 2011 because fleas were more abundant that field season. (2011) . The data for O. hirsuta are limited to adult prairie dogs to control for the relationship between age of prairie dog and flea abundance throughout the study; consequently, the horizontal axis for body condition changes for O. hirsuta. Such data screening was not necessary for species combined or P. simulans, for which the relationship was only detected in 2011 when few juvenile prairie dogs were captured (Eads 2014 ). The vertical axis for flea prevalence is consistent throughout the figure. The vertical axis for flea intensity changes for clarity. Study design.-We collected focal observations of adult prairie dogs (to control for age) during July-August 2011 and June-August 2012. Observation lookouts were sufficiently far from prairie dogs (> 70 m) to limit disturbance while allowing us to observe grooming behaviors via 20×-60× spotting scopes (Altmann 1974) . We collected observations at plots where trapping was not currently in progress and attempted to distribute effort as equally as possible among plots (Fig. 1) . Of the 17 plots where observations were collected, 4 (2011) or 3 (2012) were sampled during 2-4 days in the same year; the remaining plots were sampled once each year.
We sampled prairie dogs opportunistically. We limited repeated observation of the same animal during the same day by sampling systematically across a plot and refraining from observing animals in areas of the plot already sampled. For plots sampled more than once in a field season, sampling days were separated by at least 14 days. In 2011 and 2012, respectively, 4 and 2 dye-marked prairie dogs were each observed twice, suggesting repeat observations of the same individuals were limited. Rather than causing bias, the primary influence of repeated measures probably is to cause underestimation of variances. Moreover, Loughry and Lazari (1994) found little consistency in the behaviors of individual adult prairie dogs and suggested their behaviors are mostly constrained by the ecological context in which individuals find themselves. If behaviors of individuals are unpredictable, the small amount of repeated sampling of individual prairie dogs in this study was unlikely to have substantially altered variances of the data.
We scored focal observations on laptop computers using JWatcher (Blumstein and Daniel 2007) , first recording observer identification and year of sampling. Computer keys were stroked to record the start and end of self-grooming behaviors (oral and scratch) and changes in visibility of the animal (visible or out-of-sight). We used JWatcher to extract from each sample data on observer identification, year of sampling, focal sample duration (which excluded time out-of-sight), and durations of self-grooming bouts. We rarely observed allogrooming (social grooming-see also Hoogland 1995) and did not analyze this behavior.
Data analyses.-We analyzed focal sessions in which the prairie dog was visible and undisturbed for 5 or more minutes ( X = 9.40 min, SD = 1.14). Three observers collected data during 2011, and 4 observers collected data during 2012. One person observed prairie dogs in both years. As a precautionary measure, we included OBSERVER identification in the analysis. We also included MONTH because we expected flea loads to change seasonally (Krasnov 2008 ). Because we observed prairie dogs during July-August 2011 (2 months) and JuneAugust 2012 (3 months), we limited the analysis to data collected during July-August.
We fit a GLMM with a YEAR variable to compare selfgrooming behaviors during 2011 and 2012. The response variable was proportion of time spent grooming multiplied by 100 for expression as a percentage, thus allowing use of the negative binomial error distribution (the data were right-skewed). A random effect for Plot ID was not supported, so the variable was removed. We used a likelihood ratio chi-square test to determine if the YEAR effect was influential and compared percentages of time spent grooming by prairie dogs each year using least squares mean (LSM) values, thus controlling for OBSERVER. The goodness of fit statistic for the most general GLMM was ~1.00.
Results.-The data set included 318 entries (n = 114 in 2011 and 204 in 2012) comprised of approximately 2,990 min of observation. The YEAR effect was influential (χ 2 1 = 35.46, P < 0.001). Contrary to our hypothesis, prairie dogs devoted 238% more time to grooming in 2012 when flea loads were lower (LSM = 3.48% of time) relative to 2011 when fleas were more abundant (1.03%).
Food and Water suppleMentation, BodY Condition oF prairie doGs, and Flea loads
Objectives.-We aimed to determine if food and water supplementation affected condition of prairie dogs and flea loads on their bodies.
Hypotheses.-Within a particular year, fleas may improve survival and reproduction by parasitizing hosts in poor condition. During some lab studies, adult female fleas produced more eggs, and eggs and larvae survived longer if the flea had fed on food-limited, lightweight rodents (Krasnov 2008) . Moreover, when in poor condition, rodents may exhibit compromised grooming and immunological defenses against adult fleas (Krasnov 2008) . Flea abundance may correlate negatively with body condition of a host, and we could test this relationship with experimental manipulation under field conditions.
During 2012, we provided prairie dogs in 3 plots with supplemental food and water (Fig. 1 ). An equal number of control plots received no supplementation. We predicted that supplementation would increase the condition of prairie dogs and decrease flea densities. Compared to 2011, the driest 7-month start in eastern New Mexico (NOAA 2011), precipitation rebounded slightly in 2012 (58% of normal), and the first 7 months of 2012 were the 8th driest period on record (NOAA 2012). Thus, conditions were less extreme in 2012, which should have reduced our ability to detect an effect of supplementation on the condition of prairie dogs and the flea loads they carried. We observed grooming behaviors in treatment and control areas, but effort was minimal and the data were too sparse for analysis (Eads 2014) .
Experimental design.-Before the 2012 field season, we established 3 treatment plots of 2.25 ha, each located near a paired control plot but sufficiently distant from other plots that prairie dogs were unlikely to move between them. In the 3rd pairing, we randomly selected the control plot from 2 regular sampling plots in the associated colony (Fig. 1) . The minimum distance between paired control and treatment plots was 185 m (Fig. 1, Pair #1) . Prairie dogs inhabit territories that range in size from about 0.05 to 1.01 ha (Hoogland 1995) . Assuming the territories are square (e.g., Salkeld et al. 2010) , prairie dogs might forage about 5-100 m from the centers of their territories, suggesting prairie dogs would not have moved between control and treatment plots during our experiment.
Prairie dogs in treatment plots received supplemental food and water starting immediately after adults would have bred in March (Hoogland 1995) and ending as juveniles began to emerge from burrows (D. A. Eads, pers. obs.) . Specifically, in early March 2012, we distributed 7 plastic water dispensers (1 gallon, Mobile Chicken Coops, Burnet, Texas) evenly in each treatment plot (mean distance between nearest dispensers within a treatment plot = ~37.5 m). We refilled the dispensers every 2-5 days, such that water was continuously available from 24 March to 1 June 2012. During the same period, we provided supplemental food in treatment plots every 5-7 days using 14% crude protein sweet feed (MannaPro pelleted feed, St. Louis, Missouri). When providing supplemental food at a treatment station (adjacent to each of the 7 water dispensers), we divided 3.79 liters (1 gallon) of food between 2 of the nearest burrow openings, inserting the food into the openings to discourage bird use.
Data analyses.-We trapped prairie dogs in treatment and control plots during June-August 2012, sampling paired plots during the same day. We used GLMMs to evaluate the effect of supplementation (SUPPLEMENT) on body condition indices and flea loads while controlling for sampling month and age and sex of prairie dogs. Because treatment and control plots were paired, we included an effect for PAIR-ID. We did not include prairie dog density in the model because densities were similar in treatment and control plots in the 2nd and 3rd experimental pairs (1st pair: control = 5.3 prairie dogs/ha, treatment = 10.7 prairie dogs/ha; 2nd pair: control and treatment = 9.8 prairie dogs/ ha; 3rd pair: control = 9.8 prairie dogs/ha, treatment = 8.4 prairie dogs/ha). We evaluated a SUPPLEMENT main effect, and SUPPLEMENT × PAIR-ID and SUPPLEMENT × MONTH interactions to determine if the SUPPLEMENT effect varied among pairs or months. A Prairie Dog ID random effect was influential during assessment of body condition and was included in that analysis (Gaussian family); however, it was not supported in the assessment of flea loads and was therefore excluded (negative binomial model because k < 1.00). We used likelihood ratio tests for inference. The 95% CI of each interpreted coefficient did not encompass 0.00, and goodness of fit statistic for the most general models with all variables was always ~1.00.
Results.-Assessment of body condition indices included data from 119 unique prairie dogs (55 control and 64 treatment; n captures = 93 control and 130 treatment). Sample sizes differed among the experimental pairings (1st pair: n = 23 control, 49 treatment; 2nd pair: 41 control, 40 treatment; 3rd pair: 28 control, 41 treatment). The SUPPLEMENT × MONTH interaction was not supported (χ = 13.61, P < 0.001; Fig. 4 ).
We assessed flea abundance for the same 119 prairie dogs (n = 1,736 fleas, k = 0.67). The SUPPLEMENT × MONTH interaction was not supported (χ = 7.21, P = 0.007; Fig. 5 ). The SUPPLEMENT effect was not supported with the 3rd pair, in which we collected only 8 P. simulans (7 in the control plot, 1 in the treatment plot; χ 2 1 = 1.96, P = 0.162).
disCussion
Historical surveillance efforts suggest plague epizootics are least prevalent during droughts and most prevalent during years with relatively wet springs and cool summers (Stapp et al. 2004; Ben-Ari et al. 2011; Savage et al. 2011; Eisen and Gage 2012 ). An abundance of fleas increases the rate of plague transmission (Lorange et al. 2005; Eisen et al. 2009 ). Thus, it is commonly hypothesized that plague epizootics are most common during years with wet springs and cool summers because those conditions favor flea abundance (e.g., Parmenter et al. 1999; Enscore et al. 2002) .
To our knowledge, 3 studies attempted to evaluate this hypothesis. During a 21-year period in Kazakhstan, fleas tended to be most prevalent (Stenseth et al. 2006 ) and abundant (Reijniers et al. 2014 ) on great gerbils (Rhombomys opimus) during years with wetter springs and cooler summers, when plague prevalence increased in gerbils. While these results are suggestive, it may appear as if fleas are most abundant or prevalent during years with wetter springs and cooler summers simply because as plague prevalence rises and the number of gerbils killed by plague increases (Begon et al. 2004) , fleas become concentrated on a dwindling number of surviving hosts (Tripp et al. 2009; Brinkerhoff et al. 2010) . With a 27-year data set collected in plague endemic regions of Inner Mongolia, Xu et al. (2015) did not detect significant pathways between precipitation variables and flea abundance on Mongolian gerbils (Meriones unguiculatus) or Daurian ground squirrels (Spermophilus dauricus).
Our flea abundance measures, which are seemingly not confounded by the presence of plague, suggest fleas attain highest densities on prairie dogs during dry years (herein, 2011). Our supplementation experiment reinforces this idea and is noteworthy because the experiment was conducted during summer 2012 when increased precipitation should have reduced our ability to detect an effect of supplementation on flea abundance.
During dry years that are common to many plague foci in arid grasslands (Dennis et al. 1999) , the availability of succulent plants is reduced (Lauenroth 2008) . Because many grassland rodents obtain most of the water they need from plants, 1 consequence of drought is direct dehydration of the animals, which can impact multiple physiological processes (Bakko 1977; Pfeiffer et al. 1979) . A 2nd consequence is reduction of forage biomass. Herbivorous rodents can suffer reductions in condition when available water and primary production are diminished (Chew and Butterworth 1964; van de Graaff and Balda 1973; Gillespie et al. 2008) . Our research (Eads 2014) and that of Facka et al. (2010) suggest the same for prairie dogs.
If prairie dogs are in poor condition during dry years, their ectoparasite defenses could be compromised. Foraging and grooming are mutually exclusive behaviors. When high quality food is limited for prairie dogs, as in drier years, prairie dogs might spend less time grooming (as observed during our research). A reduction in host grooming should increase survival rates for fleas (Krasnov 2008) . When domestic cats were fitted with harnesses that prevented grooming, about 70% of fleas remained for ≥ 50 days (Rust and Dryden 1997) .
In addition to grooming, rodents combat fleas using acquired immune responses (Krasnov 2008) , but responses are costly to maintain and can be suppressed when food and water are limited (Sheldon and Verhulst 1996; Lochmiller and Deerenberg 2000) . If primary production is limited, e.g., during dry years in short-grass prairies of North America (Lauenroth 2008) , prairie dogs may "surrender to fleas rather than spend much energy on defense" (Krasnov 2008:266) . Our supplementation experiment provides support for this contention; the bait provided vitamins A, C, and E, all of which may boost immunocompetence in mammals (Wobeser 2006) .
When rodents are in poor condition during dry years, fleas may cause a further decline in host condition and their ectoparasite defenses, thereby creating a cycle that benefits fleas (Beldomenico and Begon 2010; St. Juliana et al. 2014) . Reduction in the effectiveness of host defenses against fleas would reduce sources of mortality for fleas, allow fleas to acquire blood meals more easily, and facilitate offspring production by fleas (Krasnov 2008 ). Generations of reproduction could then overlap and adult fleas would increase in abundance.
We suggest, like others, that deep burrows can partly buffer fleas from conditions aboveground (Ben-Ari et al. 2011) , including arid conditions during dry years. In the case of prairie dogs, nests tend to occur 2 m underground (Sheets et al. 1971) . Rodent burrows deeper than about 0.5 m are relatively cool in summer and exhibit little daily variation in temperature or humidity (Reichman and Smith 1990; Van Vuren and Control plots (C) were left untreated, whereas treatment plots (T) received supplemental food and water during March-May 2012. Flea abundance is the product of prevalence class (0, 1; defined as whether or not a host has fleas) and intensity (defined as the number of fleas detected on a host that has fleas). Vertical lines depict 95% CIs. Data are depicted for flea species combined (the 3 pairs separate), Oropsylla hirsuta (pairs combined), and Pulex simulans (1st and 2nd pairs separate). The vertical axis for flea prevalence is consistent throughout the figure. The vertical axis for flea intensity changes for clarity.
Ordeñana 2012). Prairie dogs are primarily diurnal and spend greater than half of their cumulative time in burrows (Hoogland 1995) , suggesting adult fleas that parasitize prairie dogs would spend most of their time in burrows, even if they remain on hosts for most of their lives. Thus, mild, relatively stable conditions within prairie dog burrows could increase survival rates for fleas (Krasnov 2008) ; this phenomenon might be enhanced if fleas, when off hosts, escape to the deepest components of burrow systems (Seery et al. 2003) .
In conclusion, our results with black-tailed prairie dogs suggest flea densities increase during droughts. We caution that our data are limited to 1 species of Cynomys sampled during 3 summers at a single site in New Mexico. Long-term data are needed to evaluate the generality of the relationship between droughts and increased densities of fleas. If research continues to suggest that flea densities increase during droughts, we need studies to determine why we rarely observe plague epizootics during droughts. We hypothesize that for prairie dogs, the plague bacterium tends to remain spatially restricted during droughts because prairie dog densities (Facka et al. 2010; Eads 2014 ) and proximity of hosts are reduced (Davis et al. 2008) . Moreover, temperatures tend to be relatively hot during droughts, and hot temperatures may reduce the efficiency at which fleas transmit Y. pestis (Eisen et al. 2009; Williams et al. 2013 -research is needed to determine if fleas exhibit different rates of transmission when inside or outside of prairie dog burrows). The plague bacterium might circulate at local scales (Biggins et al. 2010 ) but fail to spread more broadly during droughts (Savage et al. 2011) . Nonetheless, increased flea densities during dry years might allow for plague epizootics when moisture returns, prairie dog densities increase (Eads 2014) , and fleas perhaps are more efficient at transmitting Y. pestis. Some evidence supports this hypothesis (Collinge et al. 2005; Savage 2007 ) but continued research is needed.
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